frequency is the main purpose of the present' paper.
In constrast to the situation that prevails in the UPS regime, one other point is of considerable interest at higher pnoton energies. The photoelectron mean free path of most materials exhibits a broad minimum around 100 ev. Experiments were performed using synchrotron radiation from the storage ring SPEAR at the Stanford Linear Accelerator (SLAC). The ultrahigh vacuum grazing incidence monochromator has been described in detail elsewhere. 5 Photoelectrons were detected by a doubl~ pass, electrostatic deflection cylindrical mirror analyzer (CMA) operated in the retarding mode (constant resolution 0.35 eV). 6 Samples were prepared by~ situ -3-evaporation of Cu from a tungsten filament onto a stainless steel substrate. The maximum pressure reached during evaporation was 2 x 10-8
Torr. Experiments were carried out at ~1 x 10-9 To~r.
B. Experimental Results
Experimental results for Cu are displayed in Figure l . Common features of all spectra are the three peaks .at ~2.4 eV, ~3.5 eV, and ~4.6 eV binding energy (BE) relative to the Fermi level. The most distinct changes in the shape of the VB spectra occur between 50 and 70 eV.
While the peak positions remain essentially unshifted the intensity of the peak at 3.5 eV BE increases with photon energy. Ab0ve 70 eV this trend continues in a less spectacular way. At the highest photon energies the spectra se~m to approach the PED observed with A~ K radiation 7 a (compare Figure 2a) .
For the calculation of the PED's we have employed ~he familiar three step model of photoemission. 8 We assume independent excitation, transport and escape processes. The excitation process from an initial state j to a final state fat a general point t of the Brillouin zone is described by a matrix element tfj(t). The matrix element is calculated in the dipole velocity approximation under the assumption of crystal momentum conservation during the excitation process (cp. Appendix A).
Transport of the excited photoelectron to the surface is described by a term Df(t) which is proportional to the group velocity of th~ electron (cp. Appendix B). In our case of angle-integrated photoemission with final state energies much larger than the initial s~ate band width a The radial parts Rd(r) ih the form of Slater orbitals were taken from Reference 14. Equation (3) It is interesting to note the spectral variations implied by our model at higher photon energies. As the photon energy is raised the number of available final states increases. In the limit of large photon energy this causes the PED•s to resemble the initial-st~te band structure shown in Figure 2b . In the high-photon-energy limit, modulation effects due to the transition matrix element are also expected to be small, because the various allowed final states result in an effective angular integration. At this point we note that Nemoshkalenko et a1. 18 included angle-integrated matrix elements to account for the discrepancy between the measured Cu XPS valence band spectrum and the calculated density of states. They claimed that this discrepancy arises because electrons with eg symmetry have a higher transition probability than those with In Figure 3c we present the results of a calcu1ation in which momentum broadening in the final state has been included. We have chosen the respective broadening factors listed in Figure 3c to achieve optimum agr~ement between the calculated and experin~ntal (Figure 3b) PED's. Except for hv = 120 eV all calculated curves were found to be quite sensitive to the choice of B, a finding which is demonstrated in more detail in Figure 6 . The calculated PED's including k-broadening in the final state (Figure 3c ) are found to be in good agreement with the experimental spectra shown in Figure 3b , except for the slightly too-pronounced peak structure. However, this difference arises entirely from the initial state bandstructure rather than from cross section effects. This is confirmed by Figure 2b where the Cu 3d density of states (compare Appendix C, equation (Cl)) is compared to the density of states measured with A~ K radiation (Figure 2a) . Note that the peak a structure is too pronounced generally and in particular the middle peak is too high.
The success of our calculation, which includes momentum broadening in the final state in describing the experimental PED~s is striking. 
..:14-
mn mn dp (Al5) integral hdp is given by
and its evaluation is straight forward.
Finally; the result for the angle integrated quantity ltfj(k)i2
should be given. A lengthy but relatively easy calculation neglecting ff t f 1 . ht 1 . t. 15 . 1 d e ec s o 1g po ar1za 1on y1e s ltfj(k)l2 ~ c2js(fd(q))2 q2
From equation (A17) it is seen that for the angle integrated case the matrix element separates into an atomic part given by the wavy brackets and a wave vector dependent 11 band-structure 11 part given by the sum.
This latter part is exactly the total d-projection of the density of states.
APPENDIX B: TRANSPORT TERM
In evaluating the transport term we have assumed that the inelastic mean free path is much less than the photon absorption depth. The transport factor for excited electrons is then given by 1
where! is a unit vector normal to the surface and t(Ef) is the inelastic scattering 1 ifetime in the "random-k" or "phase-spac~~" approximation. 25
Assuming the lifetime T(Ef) to be a slowly varying function of the electron energy and taking the free electron value for the group velocity we can approximate Df(k) for a polycrystalline sample by
Since the photon energies used in our study are much larger than the width of the d-band the effect of the transport term (B2) on the calculated PED's (equation (1)) is very small. .d ,.,,, 9
., .
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